During the hepatitis delta virus (HDV) RNA replication, synthesis of either the mRNA for the delta antigen (HDAg) or the full-length antigenomlc RNA Is determined by selective usage of the potent poly(A) signal on the antigenome. To elucidate the regulatory mechanism, HDV cDNA cotransfection system was used to examine the potential effect of the secondary structure of the nascent RNA and that of the HDAg on HDV polyadenylation in transfected cells. We found that when the nascent RNA species could fold itself to form the rodllke structure, the HDV polyadenylation was suppressed 3 to 5 fold by the HDAg. In addition, we observed that the small and the large HDAg exerted a similar suppresslve effect on the HDV polyadenylation, though they played different roles In HDV replication. We concluded that the HDV polyadenylation could be regulated by the structure of the nascent antlgenomic RNA and by either the small or large HDAg.
Polyadenylation of the mRNA of hepatitis delta virus is dependent on the structure of the nascent RNA and regulated by the small or large delta antigen INTRODUCTION Hepatitis delta virus (HDV) is a subviral satellite of hepatitis B virus (1) . Its genome is a 1700-base single-stranded RNA and replicates in the nucleus of an infected cell via the synthesis of another RNA intermediate, the antigenome. Both genome and antigenome are closed circular molecules and can fold intramolecularly to form an unbranched rodlike structure with about 70% of bases paired (2, 3, 4, 5, 6) . Each of the two RNAs contains a unique catalytic RNA sequence which is implicated in the processing of the nascent RNA into a unit-length, closedcircular RNA species during HDV genome replication (7, 8, 9, 10) . The viral genome replication probably proceeds via a double rolling-circle model (11) . All of these features are reminiscent of those of certain plant subviral RNA pathogens, such as viroids (12) . However, unlike viroids, HDV encodes a viral protein, the delta antigen (HDAg), from its antigenome. Two forms of delta antigen, the small HDAg with 195 amino acids and the large HDAg with 214 amino acids, have been found in both serum and liver of HDV infected patients (13) . The result of HDV cDNA transfection studies in cultured cell lines and of the subsequent HDV cDNA infection studies in an HBV infected chimpanzee showed that the large HDAg was produced during the viral replication by a specific base modification in the termination codon of the open reading frame of the small HDAg (14) . This change led to the extra-19 amino acid extension that formed the carboxyl terminal of the large HDAg. Although the large and the small HDAg both exhibit the RNA-binding activity specific for the HDV RNA species that contain all or part of the rodlike structure (15, 16) , they play different roles in HDV replication cycle. The small HDAg is essential for HDV genome replication (7), whereas the large HDAg, though unable to support HDV RNA synthesis (17, 18) , is required for the assembly of the virion (19, 20, 21) . However, the mechanisms are unclear.
Similar to other negative-stranded RNA viruses (22) , once the genomic HDV RNA enters the nucleus of a host cell, it serves as the template for the synthesis of both the mRNA for HDAg and the unit-length antigenomic RNA. The latter is then used as the template to generate the progeny genomic RNA. The 5'-end and the 3' polyadenylation site of the HDV mRNA have been identified and are located on the same side of the rodlike structure (23) . Though HDV mRNA is synthesized via RNAdirected RNA synthesis, the cw-acting elements essential for its polyadenylation are identical to the consensus elements required for the polyadenylation of host RNA polymerase II transcripts (24, 25) . This indicates that the same polyadenylation machinery is utilized for the processing of HDV mRNA as well as for polyadenylation of the host mRNAs. On the other hand, to synthesize the unit-length antigenome that is needed in turn for the synthesis of the genomic RNA, the polyadenylation must be suppressed. The mechanism of the polyadenylation suppression is unclear. Previously, it was shown that the amount of the polyadenylated antigenomic RNA species could be reduced by the small HDAg, if the nascent antigenomic RNA was capable of folding into the rodlike structure (24) . However, because of the failure to demonstrate the corresponding increase in the amount of the readthrough transcripts, the possibility of the destabilization of the transcripts instead of the suppression of polyadenylation could not be ruled out. Moreover, the role of the large HDAg in HDV polyadenylation is also unclear, especially as it is acting as a dominant inhibitor in HDV RNA replication (17, 18) . In this report, we reevaluated the effect of the structure of the nascent antigenomic RNA and the role of the HDAg on the HDV polyadenylation, and further compared the action of the small and the large HDAg on the HDV polyadenylation.
MATERIALS AND METHODS

Plasmid constructions
The HDV cDNA fragments with various lengths were inserted behind the SV40 late promoter as shown in Fig. 1A . Plasmid, pSVLXX, contained the full-length HDV cDNA fragment (form Xbal to XbaT), and could generate the HDV antigenomic RNA which is capable of folding into the rodlike structure when introduced into the cells (Fig. IB) . In contrast, the plasmid, pSVLSX, which contained a half of HDV cDNA fragment (from Seal to Xbal), encoded the HDV antigenomic RNA that could not form the rodlike structure in the transfected cells. The ribozyme domain located downstream of the HDV polyadenylation site was preserved in these constructs. In order to prevent the expression of the HDAg, a two-base deletion at positions 1569 and 1570 was introduced into the open-reading frame of the HDAg on both constructs. As a result, no functional HDAg was observed.
Three more constructs, pSVLsHDAg, pSVLLHDAg and pSVLmHDAg (Fig. IB) , were created to produce the small, large and mutant forms of HDAg respectively in transfected Cos 7 cells. All of them contained the HDV Seal to SaR cDNA fragment, as illustrated in Fig. IB . It should be noted that their HDV polyadenylation signals were deleted and replaced with the SV40 polyadenylation signal. Plasmid, pSVLLHDAg, was constructed by cloning the fragment produced in PCR-based sitedirected mutagenesis (23) . Briefly, an oligonucleotide (CGGG-ATCCGCTCACTGGGGTCGAQ, in which the HDV poly (A) signal, AAUAAA, was replaced with a BamHl recognition sequence and the termination codon of the open-reading frame for the large HDAg was preserved, and a second oligonucleotide (TCCGGCGTTGTAGGGATQ were used as a pair of primers for the PCR. The PCR product was then doubly digested with SaR and BamHl, and was used to replace the SaR to Xbal region on pSVLAg-large (17) . After removal of the BgRl to Seal fragment, the resulting plasmid was designated as pSVLlHDAg. The plasmid, pSVLmHDAg, was generated by the insertion of the Seal to SaR fragment of pSVLXX into the vector, pSVL (Pharmacia). pSVLD3 that contained a tandem repeat trimer of the HDV cDNA, and pSVLD2m that contained a tandem repeat dimer of the HDV cDNA were kindly provided from Dr John Taylor at Fox Chase Cancer Center (26) . The open-reading frame for the HDAg on pSVLD2m was mutated by a two-base deletion of the positions 1431 and 1432.
Transfections
The DEAE-dextran mediated transfection described by Cullen (27) was employed in this study. Three million Cos 7 cells were seeded on a 100-mm plate 24 hours before transfection. Five micrograms of plasmid DNA were used for each plate. Medium (DMEM with 10% of FCS) was replaced every day till the day of harvest.
RNA extraction
Total cellular RNA was harvested on day 6 by lysing cells with 1 mg per ml of proteinase K in the presence of 0.1 % SDS followed by phenol/chloroform extraction and ethanol precipitation. The samples were then treated with DNase 1 (Promega), and extracted with phenol/chloroform again. For the determination of the polyadenylation efficiency, forty-eight hours after transfection, total cellular RNA was extracted with 4 M Guanidine isothiocyanate followed by equilibrium centrifugation for CsCl gradient as previously described (24, 28) .
Northern analysis
About 3 micrograms of each RNA sample were glyoxalated prior to electrophoresis in a 1.5% agarose gel. After transfer to a nylon membrane and deglyoxalated, the RNA was hybridized with â P-labeled HDV strand-specific riboprobe made by the T7 in vitro transcription system (Promega), followed by autoradiography for the detection of HDV RNA.
Immunoblotting of delta antigen
Cells were directly lysed in Laemmli's buffer (29) , boiled for 10 minutes and then electrophoresed in 12% polyacrylamide SDS gel. After transfer to a nitrocellulose filter, the total cellular protein was reacted with diluted serum of an HDV infected patient, followed by treatment with alkaline-phosphatase conjugated anti-human IgG for colorimetric reaction, as described in the manufacturer's instruction (Promega).
RNase protection assay The 32 P-labeled riboprobe was generated by the T7 in vitro transcription system as described above followed by purification in gel. Ten micrograms of each RNA sample were hybridized with 4X10 4 cpm of riboprobe in the presence of 80% formamide, and RNase digestion was done with a commercial kit (Ambion). Finally, the digested products were separated in 6% polyacrylamide gel and analyzed with autoradiography.
RESULTS
Biological examination of the small, large and mutant forms of HDAg expressed from the modified HDAg expression plasmids
Since the HDV poly(A) signal on pSVLsHDAg, pSVLlHDAg and pSVLmHDAg was deleted and replaced with the SV40 poly (A) signal (Fig. IB) , it was necessary to test whether or not they still faithfully produced the small, large and mutant forms of HDAg respectively in the transfected cells. Total cellular protein was extracted three days after transfection and the HDAg was analyzed with immuno-blotting. The result is shown in Fig. 2A. An infectious HDV cDNA clone, pSVLD3 (26) , was used as a positive control for the expression of the small HDAg, as shown in lane 3, Fig. 2A . The bands (24 kD, the small HDAg) in lanes 3 and 4 were produced in the cells transfected with pSVLD3 and pSVLsHDAg respectively, and that (27 kD, the large HDAg) in lane 5 with pSVLlHDAg. As shown in lane 2, pSVLmHDAg did not express any form of HDAg. Lane 1 showing no band, the large or small, was a negative control which was obtained in the cells transfected without any plasmid.
To further examine the functional roles of the small and the large HDAg produced by pSVLsHDAg and pSVLlHDAg respectively in the HDV RNA replication, the cellular RNA that was harvested six days after transfection was analyzed with northern blot, as shown in Fig. 2B . The presence of 1.7 kb HDV RNA species, the unit-length genomic RNA (lane 2), indicated that there was the HDV RNA replication (26) . pSVLD2m that produced no HDAg was a replication defective plasmid; but the HDV RNA replication could be rescued by the addition of a functional small HDAg (26) . The cotransfection of pSVLD2m with pSVLsHDAg carried out here resulted in the generation of 
kb HDV RNA (lane 4)
. A similar result (lane 2) was obtained with the introduction of an infectious trimer, pSVLD3 into the Cos-7 cells (16). However, cotransfection of pSVLD2m with either pSVLmHDAg or pSVLlHDAg did not result in the generation of 1.7 kb HDV RNA (lanes 3 and 5). These results indicated that the small HDAg derived from pSVLsHDAg could support the HDV RNA replication, whereas the large HDAg derived from pSVUHDAg could not, consistent with the observation reported by others (17, 18) .These three new constructs were then used for the rest of the experiments to test the potential function of either the small or large HDAg in the HDV polyadenylation.
The regulation of HDV polyadenylation by the rodlike structure of the nascent antigenomic RNA in the presence of the small delta antigen To determine the polyadenylation efficiency of HDV poly(A) site, RNase protection assay was utilized. As illustrated in Fig. 3A , an in vitro synthesized ^P-labeled riboprobe which was an antisense to HDV mRNA was used to detect various HDV antigenomic RNA species. If the antigenomic RNA derived from either pSVLSX or pSVLXX was processed at the HDV poly(A) she, a protected fragment of 155 bases in size would be generated; whereas if it escaped the polyadenylation at the HDV poly(A) site but was processed at the downstream self-cleavage site, the readthrough transcript would form a protected fragment of 186 bases in size. To distinguish the above mentioned HDV polyadenylated RNA species and the readthrough RNA species from the mRNA generated by pSVLmHDAg, pSVLsHDAg or small or large HDAg (Fig. 4A, lanes 2, 3, and 4) . However, as long as the nascent antigenomic RNA could fold into the rodlike structure, the addition of the large HDAg as well as the small HDAg resulted in a higher ratio of the amount of readthrough transcripts to that of the HDV polyadenylated RNA species (Fig. 4A, lanes 5, 6 and 7 ). This result indicated that the large HDAg was also suppressing HDV polyadenylation, as was the small HDAg. In other words, both HDAgs, the small and the large, could autoregulate their own mRNA synthesis at the level of polyadenylation by interacting with the nascent RNA enabling themselves to fold into the rodlike structure. The mechanism with which the HDAg interacts with the nascent antigenomic RNA to modulate polyadenylation is still under investigation.
DISCUSSION
One of the most striking features of eukaryotic mRNAs is that a poly(A) tail is usually added onto the 3' end of each mRNA molecule. Polyadenylation of mRNA is directed by a series of consensus cu-acting elements on the nascent RNA transcripts. These cis-acting elements are called poly (A) signals (30) . In certain retroviruses and retroid viruses, their nascent transcripts usually contain more than one copy of poly(A) signal and therefore, they developed novel control mechanisms to determine either the production of genomic RNA or to serve as mRNA by the selective usage of the poly(A) signal (25, 31, 32, 33) . Such poly (A) signal for the control of the polyadenylation of the mRNA for HDAg production has also been identified in the antigenomic RNA of hepatitis delta virus (HDV) (23) . For the synthesis of the full-length antigenome, this poly(A) signal must be suppressed. This suppression was seen when either the small or large HDAg was present and the nascent HDV antigenomic RNA contained both sides of the rodlike structure, since under this condition, the HDV polyadenylation efficiency was reduced 3 to 5 fold. On the other hand, when the nascent antigenomic RNA contained only one side of the rodlike structure, the suppression was no longer observed. It appeared that the selective usage of poly(A) signal was regulated by the interaction of the HDAg with the unique rodlike structure of the antigenomic RNA. This view was supported by a recent report that HDAg specifically binds to the rodlike structure of HDV genomic and antigenomic RNA (16) . However, we still can not yet exclude the other possibility that there are certain inhibitory ciy-acting elements located on the other side of the rodlike structure. This, we think, is unlikely, since: (1) the deleted fragment was located at least 800 bases upstream of HDV polyadenylation site; and (2) no suppression could be seen in the absence of the HDAg even when the nascent antigenomic RNA containing both sides of the rodlike structure. We reported earlier that the presence of the small HDAg led to a decrease in the amount of the RNA species with polyadenylation at the HDV poly(A) site, when the nascent RNA could fold into the rodlike structure (24) . However, in that study the readthrough transcript was undetected. Therefore, the decrease in the amount of the HDV polyadenylated RNA species could be due to either the instability or the suppression of polyadenylation. To confirm the latter case, it was necessary to demonstrate that the amount of the readthrough transcript was correspondingly increased as the amount of the HDV polyadenylated RNA species was reduced. In this study, we were able to observe the increased amount of the readthrough transcript in the presence of either the small or large HDAg, when the nascent RNA was capable of folding into the rodlike structure. This observation was made by using the constructs where the ribozyme domain located in the downstream of the HDV poly(A) site was preserved (Fig. 1 A) . In the constructs that were used in the previous study, the ribozyme domain was deleted; therefore the readthrough transcript would be polyadenylated at the SV40 poly(A) site which was located farther downstream of the HDV poly (A) site (24) . Since the binding of the HDAg to HDV RNA was suggested to be related to the nuclear retention of HDV RNA (34) , this polyadenylated readthrough transcript might not be able to remain in the nucleus nor to be translocated to the cytoplasm. In our case, the preservation of the ribozyme function at the downstream to the HDV poly(A) site allowed the separation of the downstream polyadenylated SV40 sequence from the readthrough transcript which needs to be retained in the nucleus. This explanation is supported by the observation that the readthrough that was a nonpolyadenylated RNA transcript was localized in the nuclei of the transfected cells (Hsieh et al. unpublished data) . It also explains why only the readthrough transcript that was processed at the self-cleavage site was detected in this study.
We also found that the large HDAg suppressed the HDV polyadenylation as did the small HDAg. It was unexpected, since the large HDAg not only cannot support the HDV RNA replication which the small HDAg can, but it even functions as a dominant inhibitor (17, 18) . Recently, Lazinski and Taylor reported that deletion of the RNA binding domain on the large HDAg did not change the dominant inhibition on the HDV RNA replication (35) , indicating that the HDV RNA binding activity of the large HDAg was not directly related to the inhibition of HDV RNA replication. Taking into account of our finding that both HDAgs can suppress the HDV polyadenylation and the report of T jizinslri and Taylor, there should be other physiological functions of the small and the large HDAg in addition to the regulation of polyadenylation in HDV RNA replication.
It has been found that in in vitro assays both the small and the large HDAg have the specificity to bind to HDV RNA species that contains at least a part of the rodlike structure (16) . Recently, Xia et al. (36) and Lee et al. (37) further showed that such RNA binding activity of the HDAg is essential for HDV RNA replication. We think that the RNA binding specificity of the small and the large HDAg is also true in transfected cells as well as in the test-tube. Our finding that both the small and the large HDAg could specifically suppress HDV polyadenylation, as long as the nascent antigenomic RNA contained the rodlike structure, further supported this notion.
How the HDV polyadenylation is suppressed by the HDAg when the nascent RNA can fold into the rodlike structure remains to be elucidated. Two possible mechanisms can be formulated. The suppressive action is achieved via the binding of the HDAg to the region containing the poly (A) signal; this binding hinders its access to the cellular polyadenylation machinery. The other possibility is that the binding of the HDAg to the rodlike structure of RNA leads to the stabilization of the rodlike structure of the nascent RNA, so as to exert the antisense effect from the opposite side of the rod.
The phenomenon that HDV utilizes its unique RNA structure and its viral proteins, the large as well as the small HDAg, to regulate the synthesis of either the mRNA or the full-length antigenome during HDV RNA replication demonstrates the biological significance of the rodlike structure of the HDV RNA in the viral replication.
